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Abstract

The construction industry increasingly seeks sustainable solutions to reduce environmental impact
and energy consumption. This study explores the innovative use of industrial sludge generated from
the wastewater treatment of detergent manufacturing as a partial substitute for Portland cement in
mortar production. The sludge, characterized by high SiO, (46.58%) and CaO (28.66%) content, was
incorporated at substitution rates of 0% to 30%. Mortars were prepared and tested according to NF
EN 196-1 standards for mechanical strength, and thermophysical properties were assessed using the
Hot Disk TPS 1500 system. Results demonstrate that up to 20% sludge replacement maintains
acceptable mechanical performance (compressive strength: 12.63 MPa at 28 days vs. 13.91 MPa for
control; flexural strength: 3.93 MPa vs. 4.65 MPa) while significantly enhancing thermal insulation.
Thermal conductivity decreased from 1.054 W/m-K (0% sludge) to 0.797 W/m-K (20% sludge), and
thermal diffusivity dropped from 0.6096 mm?/s to 0.504 mm?/s. XRD analysis revealed the formation
of new phases, such as gismondine, indicating beneficial pozzolanic activity. These findings highlight
the dual benefit of valorizing detergent sludge and improving building energy efficiency, offering an
eco-efficient alternative to traditional mortars aligned with circular economy and low-carbon
construction goals.

Keywords: industrial wastewater sludge; cement substitution; mechanical properties; thermal
insulation; energy-efficient materials

1. Introduction

The management of industrial waste, particularly sludge generated from wastewater treatment
processes, presents a persistent environmental and economic challenge. In the detergent
manufacturing sector, the sludge is especially problematic due to its complex chemical composition
and heavy metal content—including chromium, arsenic, nickel, zinc, iron, and cadmium (Parde and
Behera, 2023). These metals originate from additives and raw materials used in detergent
formulations and, if not properly managed, can pose long-term risks to ecosystems and human health
(EI Hafidi et al., 2023; Fulke et al., 2024). Conventional disposal methods such as landfilling or
incineration are not only costly and pollutive but also underutilize the latent potential of this waste.

Recent research has demonstrated that industrial and municipal sludges can be effectively used
as supplementary cementitious materials (SCMs) or aggregates in construction. Their chemical and
mineralogical compositions—rich in SiO,, CaO, and AlLO;—closely resemble those of traditional
cementitious binders and clays, allowing their integration into bricks, tiles, and mortars (Chang et al.,
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2020; Gherghel et al., 2019). Lin et al. (2005) and Chakraborty et al. (2017) showed that sludge ash and
industrial byproducts can partially replace raw materials in cement and mortar, improving
mechanical performance while reducing carbon emissions. However, the potential of sludge from
detergent wastewater treatment —a unique type with high silica and calcium oxide content—remains
largely unexplored.

An important advantage of using sludge in cementitious materials lies in its ability to stabilize
toxic heavy metals during hydration. The formation of calcium silicate hydrate (C-S5-H) and
portlandite in cement can immobilize heavy metals by physical encapsulation or chemical bonding,
thereby reducing their leachability (Mejdi et al., 2020; Yang et al., 2023; Agra et al., 2023). This
mechanism makes cement-based matrices a promising solution for the safe and sustainable
valorization of metal-rich sludges.

Energy efficiency is a key pillar of sustainable construction, particularly in light of rising global
energy demand and CO, emissions. The building sector alone accounts for nearly one-third of total
energy use and emissions (Li et al, 2019; Zhang et al., 2019). In climates like Morocco’s—
characterized by large temperature fluctuations —thermal performance of materials becomes critical
for maintaining comfort without reliance on energy-intensive HVAC systems (Tiskatine et al., 2018).
Thermophysical properties such as thermal conductivity (A), diffusivity (a), capacity (ocp), and
effusivity (E) define a material’s ability to retain and transmit heat. Materials with low thermal
conductivity and high thermal inertia contribute to better indoor temperature regulation and lower
energy costs (Chandel et al., 2016; Alfano et al., 2014; Barone et al., 2023; Vijayan et al., 2022).

Beyond sludge valorization, ongoing research emphasizes the role of alternative SCMs —both
natural and industrial —in reducing clinker content in cement (Nassiri et al., 2025). Volcanic ash,
calcined clay, and biomass-derived ashes are among the most promising options. Simultaneously,
improvements in aggregate design, such as the optimization of grain size distribution and ITZ
(interfacial transition zone) engineering, have shown to enhance mechanical strength and fracture
toughness of concrete composites (Golewski et al., 2025). These advances point toward an integrative
approach to sustainable material design.

Despite these developments, limited work has investigated the valorization of detergent
industry sludge, which possesses distinct physicochemical and mineralogical properties. This study
addresses this gap by evaluating the mechanical and thermal behavior of mortars in which cement is
partially replaced (0-30%) with sludge derived from the treatment of detergent wastewater. The
mortars were prepared according to NF EN 196-1 standards, and their mechanical strengths (flexural
and compressive) and thermophysical properties (A, a, ocp, E) were assessed using a Hot Disk TPS
1500 system. X-ray diffraction and ICP-OES analyses were also conducted to investigate mineral
phase evolution and heavy metal stabilization. The objective is to determine whether detergent
sludge can serve as a sustainable, safe, and thermally efficient cement substitute —contributing to
waste valorization, CO, reduction, and energy-efficient building design.

2. Materials and Methods

2.1. Materials Used in Mortar Production

This study utilized three primary components: sludge obtained from detergent wastewater
treatment, (CEM II cement (CPJ 45), and natural coastal sand from Souiria, Morocco.

2.1.1. Detergent Sludge

The sludge was gray in color, with a powdery appearance after drying and grinding. It resulted
from a percolation treatment process combining fly ash, bottom ash, and sand. Its chemical
composition—rich in S5iO, (46.58%), CaO (28.66%), and ALOs (15.54%) —was determined by X-ray
fluorescence and is shown in Table S5. The D50 and D90 of the ground sludge powder were 81.7 um
and 173.2 um, respectively, measured using a laser particle size analyzer (Malvern Mastersizer 2000).
No screening was applied post-grinding, but the entire sludge was passed through a 315 um sieve to
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ensure consistency. The sludge was first sun-dried for approximately 3—4 days, depending on
ambient humidity (mean daily temperature ~30 °C), and then oven-dried at 105 °C for 24 hours to
remove residual moisture. Samples were left unsealed during drying, and the moisture content was
not measured before grinding. Figure S1 shows the appearance of the sludge after drying.

2.1.2. Cement (CPJ 45)

A commercially available CEM II Portland cement conforming to NF EN 197-1 was used. It
consists of 68% clinker, 27% limestone, and 5% gypsum. Tables S1 and S2 detail its physical and
chemical properties. The cement is gray in color with a fine, uniform texture.

2.1.3. Sand

Sand was sourced from Souiria beach (Safi, Morocco), thoroughly washed with distilled water
to remove salts and organic matter, oven-dried at 40 °C, and sieved. The particle size ranged from
0.063 mm to 2 mm, with a fineness modulus of 2.4 and good granulometric uniformity. The chemical
composition (Table S3) reveals high silica content (>90% SiO;), making it suitable for mortar
formulation. (El Hafidi et al., 2024).

2.1.4. Mechanism of Sludge Generation

The sludge was produced via infiltration/percolation using a 3-layer filter column comprising:
. Fly ash (30%)

o Bottom ash (30%)
o Coastal sand (40%)

Fly ash, composed mainly of spherical glassy particles rich in SiO, and Al,O;, enhances
pozzolanic reactivity and improves sludge binding capacity. Bottom ash, coarser and porous,
improves filtration by retaining solids and adsorbing heavy metals. Coastal sand stabilizes the
column and ensures permeability. The 30/30/40 ratio was determined based on a previous
optimization study (EI Hafidi et al., 2023), balancing treatment efficiency and sludge stabilization.
After percolation, the accumulated sludge was collected, dried, and ground as described above.

2.2. Mix Design for Mortar Preparation

Various mortars were prepared by partially replacing cement with wastewater sludge from the
detergent manufacturing industry in proportions of 5%, 10%, 15%, 20%, 25%, and 30%. The mixes are
designated as Ms, M1o, Mis, M2o, M2s, and Mso, respectively, with the control mortar (without sludge)
identified as M0. The preparation of the mortars followed the European standard NF EN 196-1
(Bouaich et al., 2022), which prescribes a standard mortar composition by mass: 450 g of cement, 1350
g of sand, and 225 g of water. The specific details of the cement-sludge mortar formulations are
outlined in Table S4.

The mortar was prepared according to the NF EN 196-1 standard using a 5-liter electric mixer
(Bouaich et al., 2022). The mixing process, lasting 4 minutes, proceeded as follows: water was added
first, followed by cement, and the mixture was then stirred at low speed for 30 seconds. The sand was
gradually added, the mixer was set to high speed for 60 seconds, and mixing was paused for 1 minute
and 30 seconds to scrape down the mortar adhering to the walls. Finally, mixing resumed at high
speed for another 60 seconds.

2.3. X-Ray Diffraction and Inductively Coupled Plasma Optical Emission Spectroscopy

X-ray diffraction (XRD) is a powerful technique for identifying crystalline phases in solids and
determining crystal structure dimensions (Lizoul et al., 2024; El Hafidi et al., 2024). In this research,
an advanced X-ray diffractometer equipped with a copper (Cu) Ka anticathode was utilized as the
X-ray source, producing radiation with a wavelength of AKa = 1.5406 A. The instrument included a
rotatable sample holder with an automatic changer to ensure precise sample positioning. An

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0196.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2025 d0i:10.20944/preprints202510.0196.v1

4 of 20

X'Celerator detector, combined with a secondary monochromator, enhanced the accuracy of the
measurements. Diffractograms were interpreted using the ICDD PDF-2 database (International
Center for Diffraction Data, Powder Diffraction File version) to identify the crystalline phases in the
mortar samples. Furthermore, the sludge was analyzed for metal content (As, Co, Cr, Cu, Al, Ni, Pb,
Zn, and Fe) using inductively coupled plasma optical emission spectroscopy (ICP-OES) (Laasri et al.,
2024).

2.4. Infrared Spectroscopy

Infrared spectra were acquired using a Nicolet i510 Thermo Scientific spectrometer equipped
with an Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) accessory (Lizoul et al.,
2024). Each spectrum was generated by averaging 32 scans recorded at a high resolution of 4 cm™.
Solid samples were analyzed, with spectra representing the ratio of sample scans to a corresponding
background spectrum recorded under identical conditions without the sample. This rigorous
approach ensured reliable spectra, providing valuable insights into the molecular vibrations and
composition of the studied materials.

2.5. Evaluation of Mechanical Properties

2.5.1. Preparation of Studied Samples

Before starting the mechanical study, the mortars are prepared in a parallelepiped form with
dimensions of 4x4x16 cm?® as shown in Figure 1. The samples are then stored in a room with
controlled temperature (20 °C) and humidity. These specimens are tested for flexural and
compressive strength after 7 and 28 days (Mghaiouini et al., 2020).

Figure 1. Mortar Specimens for Mechanical Study.

2.5.2. Methodology for Flexural and Compressive Strengths

The flexural and compressive strengths were measured using an MTS Criterion
Electromechanical Press with three-point bending (TPB) tests. Each test was conducted in triplicate,
and the average results were compared with a reference sample. The breaking load was obtained by
applying a continuous force F: to the upper surface of the specimen at a constant rate of 2 mm/min
until fracture occurred, as depicted in Figure S2a. The breaking strength was then determined
(Mghaiouini et al., 2020). The flexural rupture strength R¢ is determined using the formula:
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r = v 2 (1)
2bh
where Ft is the fracture force, L is the support span, b and h represent the sample width and height,

respectively (refer to Figure S2). Following the flexural tests, the resulting half-prisms were utilized
to measure the compressive strength Rc (see Figure S2b), calculated as:

F
R=r )

where A is the cross-sectional area (4 x 4 cm?) (Mghaiouini et al., 2020). A continuous force was

applied to this transverse section at the same speed until fracture, providing the compressive strength
value.

2.6. Studied Thermo-Physical Properties

2.6.1. Preparation of Samples

Seven samples were prepared using mortars in which cement was partially replaced by
wastewater sludge from detergent manufacturing, in proportions of 0%, 5%, 10%, 15%, 20%, 25%,
and 30%. This setup aimed to study the thermophysical properties and select the optimal building
proportions, as shown in Figure 2. These samples are parallelepipeds with dimensions of 3.5 x 7 x 11
cm?®. For precise measurement of thermal conductivity and thermal diffusivity in low-conductivity
materials, the sample thickness typically ranges from 20 to 40 mm and should ideally not be smaller
than the radius of the hot disk sensor (Tiskatine et al., 2023). All the samples were demolded after 24
hours and then air-dried in the laboratory for 28 days. The results presented were obtained by
calculating the average of the results from the different analyses.

Figure 2. Mortar samples for thermal conductivity measurements.

2.6.2. Experimental Method

Most studies on construction materials focus on examining the absolute value of heat transfer
(thermal conductivity) and the speed of this transfer (thermal diffusivity). Materials with low thermal
conductivity serve as insulators and exhibit high thermal resistance (Tiskatine et al., 2018). When
thermal conductivity varies with spatial coordinates (x, y, z) and temperature (T), which is time-
dependent (t), the Fourier equation is represented as:

or . —
'OCPEZ div-(A.grad T) 3)
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When the parameters do not depend on temperature, Eq. (3) simplifies to:

N A AT —aAT (4)
ot pc,

The heat equation describing transient one-dimensional heat transfer in a homogeneous wall of
thickness is therefore expressed as:
o'T 10T

~a 5
ox* a ot ®)

The thermal conductivity of building materials is typically measured using the stationary hot
plate method. In this study, material characterization was performed with a Hot Disk TPS 1500 device
(Figure 3), which is designed to simultaneously determine both thermal conductivity and thermal
diffusivity (Tiskatine et al., 2023).

Hot Disk
analyser

v

Probe

(sensor)

Sensor

Sensor cable |

Furnace

Support
Sample

Insulator

Figure 3. Setup for measuring thermal properties: (a) at ambient temperature, (b) at varying temperatures.

The measurement principle is based on applying a uniform heat flow across a plane that divides
two symmetrically placed samples. A probe situated between these samples delivers a constant
electrical power (acting as the heat source) and monitors the temperature change in the samples
(serving as the temperature sensor). The probe consists of a double nickel spiral, 10 pum thick,
sandwiched between two layers of Kapton insulation. The increase in electrical resistance of the probe
corresponds to the temperature rise, which can be represented over time as follows (Tiskatine et al.,
2018):

R(t) = R [1+ H(AT, + AT, (2)] (6)

Ro represents the resistance of the disk at the initial time t=0, right before heating begins. The
variable r denotes the temperature coefficient of resistivity, while ATi indicates the constant
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temperature difference that quickly develops across the thin insulating layers on each side of the
sensor. When thermal contact is perfect, Ati = 0.

The opposite side of the sensor is in contact with an insulating material that has well-defined
thermal properties (see Figure 3a). The sensor's sensitive area is protected from environmental
influences and only interacts with the sample and the insulating material, allowing it to measure the
temperature difference immediately after power is applied.

AT ave (1) denotes the temperature increase on the sensor surface facing the sample.

To assess thermal properties at different temperatures (30, 40, and 50 °C), a furnace connected to
the Hot Disk device was used (see Figure 3b). Prior to each measurement, the sample was heated in
the furnace for about 30 minutes to ensure temperature stabilization.

Once thermal conductivity, thermal diffusivity, and density are determined, specific heat can be
calculated directly using the following formula:

c=2- (7)
po

Thermal effusivity is an essential property for describing heat fluxes, particularly when heat
moves through various materials. It reflects how quickly a material's surface temperature increases.
This property can be determined using the values for thermal conductivity and thermal capacity, as
demonstrated in equation (8).

E=pc,A 8)

with

¢ A (W/mK): Thermal conductivity

e« (mm?/s): Thermal diffusivity = A / (o-cp)
e 0 (kg/m?): Density

e cp (J/kgK): Specific heat capacity

e ocp (MJ/m*K): Volumetric heat capacity
¢ E (J/m*K-s'5): Thermal effusivity

3. Results and Discussion
3.1. Particle Size and Chemical Composition of Sludge

3.1.1. Particle Size Analysis of Sludge

The particle size analysis of sludge, shown in Figure S3, illustrates the particle size distribution
and identifies the proportion of fine particles, which is essential for construction applications. The
curve reveals three distinct zones: a low proportion of particles smaller than 0.2 mm, a significant
concentration of particles between 0.2 mm and 0.4 mm, reaching 90% at 0.4 mm, and a final zone
where particle size reaches 98% at 0.63 mm.

The analysis indicates a high proportion of fine particles in the sludge, making it particularly
suitable for use in construction materials, especially as an additive in eco-friendly mortars. The fine
particles in the sludge enhance mortar cohesion and density by filling voids between larger sand or
gravel grains. This improves compaction, which can increase the mechanical strength of the final
material. Moreover, incorporating sludge in mortars reduces the demand for cement, which is
energy-intensive to produce and a source of CO; emissions (Sutcu et al., 2022).

3.1.2. Chemical Composition of Sludge

Table S5 shows that the chemical composition of sludge includes a significant concentration of
5i0; (46.58%) and CaO (28.66%), indicating strong potential for pozzolanic applications, where these
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components can partially replace Portland cement by contributing to material solidification and
stabilization. The high SiO, content, which exceeds that of Portland cement, enhances the sludge’s
ability to participate in cementitious reactions, improving the mechanical properties of mixtures. The
presence of AlOs (15.54%) further supports this by contributing to the formation of alumino-silicate
compounds, while Fe;O3 (3.55%) and MgO (2.24%) offer additional stabilizing properties. The low
proportions of Na,O (0.63%) and KO (0.34%) minimize the risk of alkali-silica reactions (ASR), which
is advantageous for material durability. Overall, this sludge has a balanced composition favorable
for ecological construction, as it can function effectively as an activator or binder in pozzolanic
processes while maintaining stable chemical properties (Swierczek et al., 2018; Garcia et al., 2008).

3.2. Evaluation of the Mechanical Properties of Sludge-Based Mortars

To evaluate the mechanical properties of the mortars, samples were prepared by substituting
cement with sludge at varying levels, ranging from 0% to 30%. flexural and compression tests were
conducted on these samples after maturation periods of 7 and 28 days. The primary objective was to
identify the optimal substitution rate of cement with sludge by analyzing its impact on the
mechanical performance of the mortars.

3.2.1. Flexural Strength

Flexural strength is a fundamental criterion in the design of construction materials, as it ensures
the structural performance of elements subjected to bending stresses. The data in Figure 4 indicate
that the flexural strength of mortars decreases significantly as the cement substitution rate by sewage
sludge increases. For the mortar without sludge, the strength is 4.00 MPa after 7 days and 4.65 MPa
after 28 days, serving as the reference. With a 5% sludge substitution, the strength slightly decreases
to 3.85 MPa after 7 days and 4.43 MPa after 28 days, corresponding to a reduction rate of 3.75% and
4.73%, respectively. At 10% substitution, the strength falls to 3.65 MPa after 7 days and 4.21 MPa after
28 days, representing decreases of 8.75% after 7 days and 9.46% after 28 days. From 15% substitution,
the drop becomes more noticeable, with strengths of 3.46 MPa (13.50% decrease) after 7 days and 4.10
MPa (11.83% decrease) after 28 days. At 20% sludge, the strength declines to 3.34 MPa after 7 days
and 3.93 MPa after 28 days, corresponding to reduction rates of 16.50% and 15.48%, respectively.
With 25% substitution, the strength is 3.22 MPa after 7 days and 3.73 MPa after 28 days, showing a
decrease of 19.50% after 7 days and 19.78% after 28 days. Finally, at 30% substitution, the strength
drastically decreases to 2.01 MPa after 7 days and 2.50 MPa after 28 days, a significant reduction of
49.75% after 7 days and 46.24% after 28 days.

Figure 4 presents the mean flexural strength values (+ standard deviation) for mortars cured for
7 and 28 days. As sludge content increased, strength decreased gradually due to higher porosity and
reduced cement hydration products.

e MO (0% sludge): 4.65 + 0.08 MPa

e M20 (20% sludge): 3.93 + 0.06 MPa (15.5% decrease)

e MB30 (30% sludge): 2.50 + 0.09 MPa (46.2% decrease)

Although 20% substitution reduces flexural strength, it remains above the minimum threshold
of 3.5 MPa for non-load-bearing masonry units according to EN 998-2.

The reductions in strength are attributed to the increased porosity and heterogeneity of the
mortar’s microstructure due to the incorporation of sludge, which weakens its cohesion (Mashaly et
al., 2018; Chen et al., 2022). To maintain optimal mechanical performance, it is recommended not to
exceed a 20% substitution rate.
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Figure 4. Flexural strength of cement-sludge mortars after 7 and 28 days of curing.

3.2.2. Compressive Strength

Compressive strength is a key indicator of construction material quality (Karaman et al., 2006).
Figure 5 shows the effect of partially replacing cement with sludge from wastewater treatment in
detergent manufacturing on the compressive strength of mortars after 7 and 28 days of curing. In all
cases, compressive strength increases over time, with values at 28 days exceeding those at 7 days.
This indicates that the addition of sludge does not hinder mortar solidification, regardless of the
substitution percentage used (Ingunza et al., 2018).

The reference mortar, without sludge, has a compressive strength of 11.91 MPa at 7 days and
13.91 MPa at 28 days. As the cement substitution rate with sludge increases, compressive strength
gradually decreases. For instance, after 7 days, a mortar with 5% sludge shows a slight reduction in
strength to 11.55 MPa (a 3% decrease compared to the reference mortar), while with 30% sludge, the
strength drops to 5.06 MPa, nearly a 57.5% reduction. This gradual decline in strength is also observed
at 28 days, though the impact is slightly less pronounced over the long term. At 28 days, the mortar
with 5% sludge reaches 13.48 MPa, nearly equivalent to the reference mortar with only a 3.1%
reduction, while with 30% sludge, it falls to 8.73 MPa, representing a 37.2% decrease. At a 20%
substitution rate, strength values are 9.95 MPa at 7 days (a 16.4% reduction) and 12.63 MPa at 28 days
(a 9.2% reduction), which is considered the maximum substitution rate to maintain acceptable
performance (Zhou et al., 2024).
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Figure 5. Compressive strength of cement-sludge mortars after 7 and 28 days of curing.

The results show a clear trend: as the proportion of sludge increases, compressive strength
decreases. This reduction can be attributed to the decrease in reactive cement available for forming
hydration products that contribute to the mortar's strength. While the inclusion of sewage sludge in
mortar mixes may offer ecological or economic benefits, it is crucial to limit its proportion to maintain
adequate mechanical performance (Zhou et al., 2024). Specifically, substitution rates up to 20% result
in strength reductions that remain within an acceptable range, allowing the mortar to develop
sufficient strength after 7 and 28 days. Such rates could be suitable for non-structural applications or
uses with less stringent strength requirements. In contrast, substitution rates above 20% lead to
significant strength reductions, potentially compromising the mortar's performance in applications
requiring high mechanical robustness. For instance, a 25% sludge substitution yields a strength of
8.09 MPa at 7 days and 11.88 MPa at 28 days, representing respective reductions of 32% at 7 days and
14.6% at 28 days compared to the reference mortar.

The optimal sludge substitution rate for maintaining acceptable mechanical performance
appears to be limited to around 20%. Beyond this threshold, the negative impacts on compressive
strength become too pronounced for typical applications.

At 28 days, the reduction in strength is less pronounced than at 7 days, indicating that the
negative effect of the sludge decreases over time. This gradual improvement reduces the strength gap
between sludge-containing mortars and reference mortars. This trend can be attributed to the
relatively slow pozzolanic reactivity of the sludge (Chang et al., 2020).

The reduction in strength is attributed to the excessive presence of waste, which slows down the
hydration reaction and hinders the formation of portlandite and calcium silicate hydrate (C-S-H),
both essential for enhancing the mechanical strength of materials. This less intense hydration reaction
may be due to the lower calcium oxide content in the sludge compared to that in cement (Yang et al.,
2023). To maintain optimal mortar performance, the sludge substitution rate should not exceed 20%.

The partial replacement of cement with 20% sludge shows a notable improvement in
compressive strength at 28 days, likely due to a more pronounced pozzolanic reaction (Agra et al.,
2023).

Compressive strength increased from 7 to 28 days across all mixtures (Figure 5), confirming
ongoing hydration.

e MO0: 13.91 +0.13 MPa at 28 days
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e M20:12.63 £ 0.11 MPa (9.2% reduction)
e M30:8.73 + 0.14 MPa (37.2% reduction)

At 20% substitution, the mortar satisfies the standard EN 998-2 for structural masonry (=10 MPa),
making it technically viable. Higher substitution levels compromise compressive strength due to
dilution of cementitious material and increased pore connectivity.

This improvement highlights the potential of sludge to positively influence the properties of
mortar when used within optimal limits. These findings prompt further investigation into the
crystallographic properties of mortars, particularly through X-ray diffraction (XRD) analysis, to
evaluate the mineralogical changes occurring during the hydration process. This analysis is especially
valuable for understanding the formation of beneficial hydration products like C-S-H, which are
essential for enhancing the material's strength and durability (Mashaly et al., 2018).

3.3. X-Ray Diffraction (XRD) Analysis Results of Mortars

The X-ray diffraction (XRD) patterns shown in Figure 54 for both hearth ash and fly ash clearly
reveal diffraction lines corresponding to the crystalline structures of quartz (5iO;) and mullite
(BALO,25i0,). These identifications are based on their precise match with standard Powder
Diffraction File (PDF) data, specifically PDF No. #01-085-0794# for quartz and #00-006-0259# for
mullite (E1 Hafidi et al., 2023).

Additionally, Infrared (IR) analysis further confirms this identification by providing spectra for
both types of ash. The IR spectra exhibit no significant differences between hearth ash and fly ash,
displaying characteristic bands associated with O-5i-O and O-AI-O vibrations, consistent with
literature reports (Li et al., 2023) (Figure S5).

The combined evidence from XRD and IR analyses provides a robust understanding of the
crystalline phases in the hearth ash and fly ash samples. The lack of variation in the IR spectra
highlights the similarity in their chemical compositions, particularly regarding O-5i-O and O-Al-O
functionalities. This integrated analytical approach reinforces the confidence in the identified
crystalline structures, offering valuable insights into the mineralogical composition of the ash
samples.

The X-ray diffraction (XRD) diagram of the mortar containing 0%, 5%, 10%, 15%, 25%, and 30%
sludge, prepared using cement clinker and sand, is illustrated in Table S6 and Figure 6. The XRD
pattern exhibits sharp peaks, providing 20 angle values corresponding to various phases present in
the cement clinker and sand. The identified phases closely align with the diffraction patterns of pure
substances, including calcite (CaCOs), aragonite (CaCOs), quartz (5i0y), alite (CsS, tricalcium silicate),
belite (C.S, dicalcium silicate), and calcium alumino-ferrite ((CaO)4(AlOs)(FexO;)), which are the
primary minerals found in clinker cement and sand (He et al., 2024).

The diffraction peaks match the standard Powder Diffraction File (PDF) data for each identified
phase, specifically for calcite, aragonite, quartz, alite (CsS), belite (C.S), and calcium alumino-ferrite.
These phases represent the principal constituents of clinker cement, comprising tricalcium silicates,
dicalcium silicate, tetracalcium ferro-aluminate, and quartz. Their presence in the mortar confirms a
well-defined and expected mineralogical composition consistent with the raw materials used in its
preparation. The XRD analysis proves instrumental in characterizing the crystalline phases of the
mortar, offering valuable insights into its structural and compositional attributes (Krakowiak et al.,
2015).
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Figure 6. XRD diffraction patterns of mortars 0%, 5%, 10%, 15%, 20%, 25% and 30%.

Additionally, the XRD pattern of the mortar incorporating 20% sludge (residual solids derived
from wastewater treatment using hearth ashes and fly ashes, both pozzolanic materials) reveals the
emergence of a novel phase, gismondine (calcium aluminum silicate tetrahydrate). This new phase
indicates a transformation in the mineralogical composition of the mortar due to the addition of
sludge (Yang et al., 2023). Figure 5 demonstrates that the inclusion of 20% sludge significantly
enhances the mortar's compressive strength. This improvement is attributed to the pozzolanic
reaction within the mixture, leading to the conversion of tetracalcium alumino-ferrite into calcium
aluminosilicate tetrahydrate, which substantially contributes to the observed increase in strength.
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The use of pozzolanic additions, such as fly ash and sludge, not only introduces new mineral
phases but also improves the mechanical performance of the mortar over the long term. This
enhancement is particularly evident in increased resistance to compression and bending. The
underlying mechanism involves the pozzolanic reaction between silica and portlandite (Ca(OH),),
which results in the formation of additional calcium aluminosilicate hydrates. These hydrates densify
the mortar matrix, thereby improving its mechanical properties.

The XRD analysis and compressive strength assessment highlight the positive effects of
incorporating sludge and fly ash into mortar. The findings underscore the significance of pozzolanic
reactions in enhancing the material's long-term mechanical performance and structural integrity.

3.4. Evaluation of the Thermophysical Properties of Sludge-Based Mortars

3.4.1. Analysis of Thermophysical Properties

The design of a building is based on two main factors: thermal comfort and energy efficiency
(Martinez-Molina et al., 2016). While retaining heat is important for lowering energy consumption, it
alone is not enough to achieve optimal thermal performance year-round. Equally important is the
capacity to store heat within the building to reduce temperature fluctuations and maximize free solar
gains (Tiskatine et al., 2023).

Thermal inertia (or thermal mass) and thermal phase shift are key aspects of building design, as
they significantly affect thermal comfort. Thermal inertia refers to a material's ability to absorb and
gradually release heat, mainly influenced by its thermal capacity. Thermal phase shift, on the other
hand, refers to the time delay for heat flux to travel through a wall of a certain thickness, which is
affected by the material's thermal capacity and the type of insulation used (Verbeke and Audenaert,
2018).

When selecting the most appropriate construction materials, it is important to assess several
thermophysical properties: thermal conductivity (A), which measures how well a material conducts
heat; thermal diffusivity («), which indicates how quickly heat moves through the material; thermal
effusivity (E), which describes a material's ability to exchange heat with its surroundings; and thermal
capacity, the product of specific heat capacity (cp) and density (). These properties are essential for
determining a material's ability to provide optimal thermal comfort while enhancing energy
efficiency (Tiskatine et al., 2018).

3.4.2. Results of Thermophysical Properties

The study aimed to repurpose sludge generated from wastewater treatment in detergent
manufacturing as a component of construction materials, with the objective of reducing thermal
conductivity and enhancing thermal storage capacity at room temperature. Thermophysical property
measurements for each sample were performed three times to calculate average values and assess
measurement errors. Prior to the measurements, the samples were in their standard (dry) state and
were conditioned for three days under controlled laboratory conditions: a temperature of 30 + 2 °C
and a pressure of 1 atm.

3.4.2.1. Thermophysical Characterization

Table 1 summarizes the thermophysical properties of the studied samples, measured under
standard laboratory conditions. Uncertainty analyses for these measurements are also included in the
Table 1. These uncertainties were calculated using the following equations, resulting in highly
satisfactory outcomes (Tiskatine et al., 2018):

A_ﬂ*_ | ;i’max_ /’i’Moyenne |
A A

‘Moyenne

)
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Table 1 summarizes the thermophysical properties of various mortars containing different
percentages of wastewater sludge from the detergent manufacturing industry, measured at an
ambient temperature of 30°C. The properties measured include thermal conductivity (A) in W/m-K,
thermal diffusivity (a) in mm?/s, thermal capacity (ocp) in MJ/m3-K, and thermal effusivity (E) in
J/m2-K-sl/, for each mortar formulation, with sludge content ranging from 0% to 30% by weight of
cement.

Table 1. Thermophysical properties of mortars incorporating wastewater sludge from the detergent industry at

ambient temperature.

Thermal
Mor effusivity
Thermal conductivity (W/m-K) | Thermal diffusivity (mm?/s) Thermal capacity (MJ/m3K) J/K m? s
tar 12)
AA Aa (s | 2@ AE
A a cp) E
A A A N /A o o o N lao | (oc | (oc | (oc |) foc | /E
T T e | Y™ % [ e | | vere [ 000 (%
nne ) nne ) ne P) nne )
(%)
0%
1,04 | 1,05 | 1,06 | 1,05 |08 | 0,60 | 0,60 | 061 [ 060 | O1 | 1,7 |17 |17 | 1,72 134 | 09
slud 0,98
ge 2 7 3 4 5 85 99 04 96 3 12 |33 |41 |9 99 |15
5% 0,90 | 0,90 | 0,90 | 090 | 02 | 055 | 054 | 053|054 |15 |16 |16 |16 | 166 122 | 09
slud 1,75
ge 41 56 8 59 3 35 67 54 52 2 33 56 96 1 6,6 9
10%
084108 |08 |08 |11 | 051|049 050 |15 |16 |17 | 1,6 | 1,68 119 | 19
slud 051 2,72
ge 32 66 46 48 5 6 8 8 7 34 21 95 3 9,4 35
15%
082|081 (081 |08 |06 |052]05 |051 |05 |18 |15 |16 |15 | 1,60 114 | 1,5
slud 2,53
ge 45 89 42 92 5 03 11 07 07 8 85 (34 |94 |4 63 |9
20%
079 {079 | 080|079 |05 | 051 048 050 (23 |15 [15 |16 | 1,58 12 | 1,7
stud 0,51 2,92
ge 62 45 18 75 4 6 6 4 8 43 |58 |5 2 32 |3
25%
0731073073073 |02 |048|048 | 048|048 |08 |15 |15 |15 | 1,51 105
slud 1,12 0,7
ge 37 88 94 73 8 58 07 94 53 4 1 37 |11 9 8,3
30%
0,67 | 0,67 | 0,66 | 0,66 | 0,1 | 046 | 047 | 047 | 0,47 14 |14 | 14 | 1,42 976, | 0,7
slud 1,1 1,28
ge 04 11 82 99 8 49 58 11 06 42 1 18 4 7 3
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The study of the thermophysical properties of mortars reveals significant variations in thermal
conductivity (A) and thermal diffusivity (a) with increasing sludge content. According to the
literature, an insulating material typically has a thermal conductivity below 0.1 W/m-K (Tiskatine et
al.,, 2018). In this study, the thermal conductivity decreases from 1.054 W/m-K for mortar without
sludge to 0.6699 W/mK for mortar containing 30% sludge, which can be attributed to the presence of
materials less conductive than pure cement. Similarly, the thermal diffusivity follows a comparable
trend, decreasing from 0.6096 mm?/s to 0.4706 mm?/s as the sludge content increases. These findings
indicate that the material retains heat for longer periods, enhancing thermal stability. The relative
uncertainties for these measurements, expressed as AA/A and Aa/a, range from 0.18% to 1.15% and
0.13% to 2.38%, respectively, highlighting the high precision of the results.

The analysis reveals that the thermal capacity of mortars generally decreases as sludge content
increases, dropping from 1.729 MJ/m3-K for mortar without sludge to 1.424 MJ/m3K for mortar
containing 30% sludge. This reduction is attributed to the lower density and less thermally
conductive nature of sludge particles compared to pure cement. Similarly, thermal effusivity exhibits
a comparable trend, decreasing from 1349.9 J/K-m?-s!/? to 976.7 J/K-m?:s/? over the same range of
sludge percentages. These findings suggest that mortars incorporating wastewater sludge can
experience significant variations in thermal performance, potentially affecting their suitability for
applications requiring precise heat management. The relative uncertainties for these measurements,
expressed as A(ocp)/(ocp) and AE/E, range from 0.98% to 2.92% for thermal capacity and from 0.7%
to 1.935% for thermal effusivity, underscoring the high precision of the results.

The addition of sludge to mortar enhances its insulating properties by reducing its ability to
transmit and propagate heat, making it more suitable for applications requiring effective thermal
insulation (Pan et al., 2023). These findings suggest that incorporating wastewater sludge into
mortars can significantly improve their thermal insulation performance.

The variations in the thermal properties of mortars containing wastewater sludge are driven by
several mechanisms. The incorporation of sludge, which is less dense and less thermally conductive
than cement, reduces thermal conductivity by disrupting the heat transmission pathways. This also
affects thermal diffusivity by hindering the uniform dispersion of heat within the mortar.
Furthermore, the addition of sludge decreases the heat capacity of the mortar, reducing its ability to
store heat. These changes collectively influence thermal effusivity, which integrates thermal
conductivity and thermal capacity to define the material's response to temperature variations.
Consequently, the addition of sludge induces a complex transformation in the thermal properties of
the mortar, making it possible to tailor its performance to meet specific thermal insulation and
thermal inertia requirements in various applications (Zhou et al., 2020).

3.4.2.2. Effect of Sludge Content on Thermal Conductivity

Figure S6 illustrates the thermal conductivity of mortars as a function of sludge percentage at
ambient temperature. The data analysis clearly demonstrates the significant impact of sludge content
on the thermal conductivity of mortars. As the percentage of wastewater sludge increases, thermal
conductivity progressively decreases. For example, at 5% sludge, the average thermal conductivity
is 0.9059 W/m-'K, while at 30% sludge, it decreases to approximately 0.6699 W/m-K. This linear trend
indicates that partially replacing cement with sludge, which is less dense and less thermally
conductive, effectively reduces the mortar’s ability to transmit heat. Moreover, cement particles
contribute to enhanced contact and bonding between clay grains, resulting in improved compaction
and, an increase in the material's thermal conductivity (Sanou et al., 2024).

These results indicate that increasing the sludge content improves the thermal insulation
properties of the mortar, which can be advantageous for applications requiring enhanced energy
efficiency. However, it is also essential to consider other mechanical properties and the durability of
the mortar when evaluating these formulations for practical use.
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3.4.2.3. Variation of Thermal Conductivity with Temperature

Table 2 presents detailed results of thermal conductivity measurements for mortar samples
containing varying proportions of wastewater treatment sludge from the detergent manufacturing
industry, used as a partial replacement for cement. The samples were evaluated at three specific
temperatures: 30°C, 40°C, and 50°C. For each sludge content (5%, 10%, 15%, 20%, 25%, and 30%) and
temperature, the average thermal conductivity values (A Average) and relative variations (AA/A %)
are provided. These measurements are crucial for understanding the thermal performance of these
mortars under realistic conditions, such as those encountered in building structures. The data from
Table 2 are also represented in Figure S7. The influence of temperature on thermal conductivity was
significant. The results indicate that the average thermal conductivity increases with temperature for
all samples, though the rate of increase varies with sludge content. This finding aligns with the study
on palm fiber concrete conducted by Tiskatine et al. (Tiskatine et al., 2018).

Table 2. Thermal conductivity of mortar samples at different temperatures.

Mort Thermal conductivity at 30°C Thermal conductivity at 40°C | Thermal conductivity at 50°C
(W/m-K)
ar (W/m-K) (W/m-K)
A AA/ A AA/ A AA/
A1 A2 As Moyen A A1 A2 As Moyen A A1 A2 As Moyen A
ne (%) ne (%) ne (%)
0%
slud 1,04 | 1,05 | 1,06 | 1,05 | 08 1,07 | 1,06 | 1,05 | 1,06 | 04 1,09 | 1,08 | 1,06 | 1,08 | 0,7
ge 2 7 3 4 5 1 8 9 6 7 1 9 9 3 4
o,
ilﬁ d 090 |09 |09 |09 |02 |092 |091 (09 |092 |11 (092 |092 |092 (092 |03
ge 41 56 8 59 3 01 02 09 04 4 23 92 59 58 7
10%
slud 084 (08 |08 |08 |11 087 (087 |087 |087 |01 091 (091 |091 |091 |01
ge 32 66 46 48 5 1 09 32 17 7 29 01 06 12 9
15%
slud 082 (081 |08 |08 (06 |08 |084 (084 |08 |02 (084 |084 |084 (084 |03
ge 45 89 42 92 5 77 16 04 99 22 51 02 25 1
20%
slud 079 (079 (080 |079 |05 081 (08 |08 |080 |05 08 (08 |08 |08 |03

ge 62 45 18 75 4 02 73 08 61 1 55 51 92 66 2

0,
ifuﬁ 073 | 073 | 073 | 073 |02 [074 [074 | 074 | 074 |05 | 076 | 076 | 076 | 076 |04
ge [37 |88 |94 |7 |8 |4 |03 |8 3 64 |29 |03 |32 |2
30%
S | 067 [ 067 066 066 |01 | 066 | 066 | 066 |066 |01 067 | 067 | 067 |067 |05

ge 04 11 82 99 8 77 81 49 69 8 81 47 07 45 3

At 30°C, the average thermal conductivity decreases from 1.054 W/mK for the mortar without
sludge to 0.6699 W/mK for the mortar containing 30% sludge, indicating a progressive reduction in
the mortar's ability to conduct heat as the sludge content increases. This trend continues at higher
temperatures. At 40°C, the thermal conductivity increases by 1.14% for the mortar with 5% sludge
and by 0.53% for the mortar with 30% sludge. Similarly, at 50°C, the increases are 0.37% and 0.53%,
respectively. At 50°C, the highest thermal conductivity is observed for the mortar without sludge
(1.083 W/m-K), while the lowest is recorded for the mortar containing 30% sludge (0.6745 W/m-K).
The results also show that, although thermal conductivity increases slightly with temperature for
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each formulation, the relative differences (AA/A) remain small, indicating a stable thermal response
despite temperature variations. These findings highlight that, while thermal conductivity increases
with temperature, the use of wastewater sludge as a partial cement substitute significantly reduces
the material's thermal conductivity. This reinforces the potential utility of these mortars in
applications where thermal insulation is a priority.

4. Conclusions

This study demonstrated the technical, thermal, and economic feasibility of using sludge
derived from detergent industry wastewater treatment as a partial cement substitute in mortar
formulations. The results indicate that a 20% substitution rate by mass of cement offers the best
compromise between mechanical performance and thermal efficiency. At this level, the mortars
achieved compressive strength above 12 MPa and a 25% reduction in thermal conductivity, making
them suitable for specific non-load-bearing applications such as interior wall blocks, partition panels,
and thermal insulation mortar layers. For applications where insulation is prioritized over strength —
such as plasters or insulating underlayers —higher substitution levels (up to 30%) may be acceptable.
A comparative cost analysis shows a reduction of approximately 12-15% in production costs
compared to conventional mortars, while also eliminating sludge disposal costs, estimated between
€20 and €40 per ton. These findings reinforce the value of this circular approach, especially in regions
facing high cement costs or strict environmental regulations. The formation of gismondine at the 20%
level indicates pozzolanic activity that enhances long-term durability. In the future, these eco-efficient
mortars could be integrated into green building certification frameworks and low-carbon
construction policies, promoting their adoption in the sustainable materials market.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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